Jordan is located in an arid to semi-arid zone where water resources are limited. The threat of water shortages is already a reality and Jordan is struggling to face the scarcity of water. The north-eastern Badia semi-desert (zone) of the Kingdom is a large area with a small population. Constructing a dam can boost the local economy by supplying the water necessary for a community to meet its irrigation needs and develop the study area. In this study, ArcGIS software using a digital elevation model (DEM) map was utilized to determine possible sites where rainwater can be collected in north-eastern Badia. Possible watersheds were delineated using drainage networks. Seven sub-watersheds were characterized hydrologically by developing unit hydrographs, and water volume capacity was computed. Moreover, possible sites for earthen dams or tanks for water harvesting systems were investigated in different areas of Jordan. Rainwater harvesting could make water available during dry periods and its capture can also reduce soil erosion from runoff during wet periods.
Introduction
Jordan is a country with very limited water resources and one of the lowest shares per capita. One enhanced and alternative solution to this chronic shortage of water resources is rainwater harvesting from rural and/or urban catchments and open areas such as the Jordan Desert (Abdulla & Al-Shareef, Arabia, with minimal rainfall throughout the year, averaging less than 200 mm annually. Nevertheless, the desert represents a majority of the country's water balance. This water is dispersed over a wide area and, if properly collected, could provide a major addition to the water assets of the country (Hiniker, 1999) .
Water harvesting endeavours are increasingly being recognized as serious in regions experiencing dry periods, acute shortages, urbanization and irregular water supplies. Water harvesting requires a careful assessment of the geographic locations in a watershed and evaluation of the surface hydrology.
Hydrological processes, hydrological characterization and water resources issues could be investigated in large areas using watershed models. Watershed models are tools that integrate our knowledge of hydrologic systems to simulate the real-world hydrologic processes. These models are considered powerful tools for achieving such tasks (Wang & Yin, 1998; Wolock & McCabe, 2000; Gumbo et al., 2002; Yang, 2005; Dodov & Foufoula-Georgiou, 2006) . Much physiographic information and data such as configuration of the channel network, location of drainage divides, channel length and slope and subcatchment geometric properties are required prerequisites for utilizing such models (Martz & Garbrecht, 1999) .
Runoff for each cell, in these models, could be calculated using water drainage networks parameters that are derived from a digital elevation model (DEM). These parameters include flow direction from cell to cell, water drainage networks and the associated sub-watersheds (Turcotte et al., 2001; Paz & Collischonn, 2007) . Currently, these parameters are directly obtained from the DEM which used to be derived from topographic maps or by field surveys (Marks et al., 1984; Jenson & Domingue, 1988; Moore et al., 1991; Martz & Garbrecht, 1993) . The current approach is faster, less subjective and provides more reproducible measurements than conventional techniques (Tribe, 1992) .
Extracting drainage networks has been a focus of recent publications ( Jenson & Domingue, 1988; Wang & Yin, 1998; Turcotte et al., 2001; Ahamed et al., 2002; Planchon & Darboux, 2002; Colombo et al., 2007; Jana et al., 2007) . The digital data generated from DEMs can be imported into and analysed by geographical information systems (GIS). The advanced technology provided by GIS and the increasing availability and quality of DEMs have greatly expanded their application potential to many hydrologic, hydraulic, water resources and environmental investigations (Moore et al., 1991) . Squared regular grid-based is commonly used DEM data for extracting drainage networks (Turcotte et al., 2001) . The triangulated irregular networks (TIN) are also used in some applications (Tucker et al., 2001) . Jenson & Domingue (1988) stated that delineation of watersheds requires a flow direction dataset and a 'starter' dataset. The starter dataset consists of background values of À1. The 'start' cells or groups of cells have been inserted at the outflow points of the desired watersheds, each start cell or group of cells having its own unique positive values. In creating the starter dataset, it is useful to have a raster image processing system to display colour coded flow direction and flow accumulation datasets. A cursor is used to identify the line and sample coordinates of the outflow points when delineating watersheds with respect to the locations of hydrologic stations or the locations of collected samples of water or stream sediment chemistry. For broad feature delineation of watersheds as in dams, a block of cells should be inserted to represent the feature. For the depression delineation case, for example in a pothole, the cells isolated by the depression-filling procedure are used as a 'start' group. The flow direction dataset is then used in the watershed generation procedure iteratively to reassign background cells to the value of the 'start' cell to which they flow.
The Badia is a plateau extending north-south from the foot of the Highlands eastward. The total area of the Badia Desert is about 70,000 km 2 , with an elevation of about 600-750 m. The Badia is the main range-land of Jordan which is undergoing quality deterioration owing to very heavy grazing and widespread ploughing for barley rain-fed cultivation. This practice has led to loss of plant cover and accelerated soil erosion and degradation. The goal of this paper is to locate the best potential spots for water collection in the zones in the northeastern desert for the collection, redirection and spreading of water in order to design and construct small, simple structures for immediate use in agriculture and other uses.
Materials and methods
The location of the study area is the north-eastern desert of Jordan, near the Iraqi border (Figure 1 ). The area is large enough to collect rainwater which could have an enhanced impact on the water budget if harvested properly. The study area (Badia) is characterized by a very sparse vegetation cover and an annual rainfall of less than 200 mm and is used mainly for grazing and for cropping vegetables, fruit trees and cereals under both rain-fed irrigation and irrigation using groundwater. The soils are aridisols and entisols. Soil depth varies considerably from one place to another.
The ArcGIS desktop 9.3 was utilized to provide tools to import digital data and perform analysis via GIS. GIS mapping is widely used for national planning and screening of storm water management issues, such as watershed delineation and dam identification for water retention, harvesting and control.
DEM used in this study has been generated by means of ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer). ASTER is a cooperative effort between NASA and Japan's Ministry of Economy and has been designed to acquire land surface temperature and elevation data. The ASTER sensor is an imaging instrument flown on the Terra satellite which was launched in December 1999. A DEM layer was used to obtain the drainage networks, delineate watersheds and identify possible sites for the collection of rainwater. The area of each watershed, the slope of the main channel and the length of the main channel were then calculated. Cell-wise elevation information in a DEM was used to find the drainage structure, which gives basic information for runoff analysis (Mandlburger et al., 2009 ).
The problems that were encountered owing to DEM processing in this study were overcome and are outlined below.
Filling depressions in DEM
Errors or noises that exist in DEM data can generate depressed cells when a drainage network is extracted from such a dataset. Depressed cells are cells with elevations lower than any surrounding cells that have no flow direction linking them to the main river channel. This problem arises when the detailed topographic structure is generalized at a lower resolution by a DEM cell. This problem was solved by removing depressions by modifying the cells' elevations before identifying the flow direction. The depression filling method that prepares valid DEM data uses an eight flow direction matrix (D8). The D8 approach is a common method for deriving drainage networks from raster DEM data (Marks et al., 1984; Jenson & Domingue, 1988; Tribe, 1992; Turcotte et al., 2001; McMaster, 2002; Lin et al., 2008) . Different approaches could be used to remove small depressions only by smoothing the DEM data (O'Callaghan & Mark, 1984) .
Depressions in the DEM layer were filled by utilizing the fact that the elevations of sinks are increased to the minimum elevation value of neighbouring cells as shown in Figure 2 . After gaining a depression-less DEM layer, the flow direction was identified based on the D8 model which means that stream flow will flow to a neighbouring cell which could be a straight or diagonally steeper cell.
The direction is defined to be only to eight directions, separated by 45°. The flow direction of a cell is the direction water will flow out of the cell. It is encoded to correspond to the orientation of one of the eight cells that surround the cell (x) as shown in Table 1 ( Jenson & Domingue, 1988) .
Flow direction dataset
Flow direction should be identified after the filling process. One of the simplest methods (eight flow directions, D8) for identifying flow directions is to assign flow from each cell to one of its eight neighbours. Each two cells are either adjacent or diagonal, in the direction of the steepest downward slope (Marks et al., 1984; O'Callaghan & Mark, 1984; Band, 1986; Jenson & Domingue, 1988; Morris & Heerdegen, 1988; Tarboton, 1989; Jenson, 1991; Martz & Garbrecht, 1993) . The D8 approach has a limitation that arises from a stream flowing into one of eight possible directions, separated by 45° ( Fairfield & Leymarie, 1991; Quinn et al., 1991; Costa-Cabral & Burges, 1994) . To overcome this limitation, Fairfield & Leymarie (1991) assigned a flow direction randomly to one of the down slope neighbours, with the probability proportional to slope. Other methods assume that the stream flows fractionally to each lower neighbour in proportion to the slope toward that neighbour (Freeman, 1991; Quinn et al., 1991) . Multiple flow direction methods (multiple directions based on slope), designated here by MS, have the disadvantage that flow from a pixel is dispersed to all neighbouring pixels that have a lower elevation (Tarboton, 1997) . Tarboton (1997) represented a new method to define flow directions and to calculate the upslope area using grid-based DEMs. The procedure is based on representing flow direction as a single angle taken as the steepest downward slope on the eight triangular facets centred at each pixel. Results from the procedure were compared to the grid-based procedures of other models for the calculation of upslope areas from grid DEMs. The new procedure showed better results than Lea's (1992) method, whose algorithm uses an aspect associated with each pixel to specify the flow direction. Flow is routed as though it was a ball rolling on a plane released from the centre of each grid cell.
Flow accumulation dataset
The flow accumulation dataset was defined, where each cell is assigned to a value equal to the number of cells that flow into it (O'Callaghan & Mark, 1984) . Cells having a flow accumulation value of zero generally correspond to a pattern of ridges. Because all cells in a depression-less DEM have a path to the dataset edge, the pattern formed by highlighting cells with values higher than some threshold value delineates a fully connected drainage network. As the threshold value increases, the density of the drainage network decreases ( Jenson & Domingue, 1988) . A synthetic unit hydrograph is then utilized to compute peak flow discharge and reservoir storage capacity. Unit hydrographs are produced for gauged watersheds from historical records, to predict the basin's response to design storm events. However, when stream flow data are not available to develop such hydrographs, other methods can be applied to relate hydrograph characteristics (i.e. peak flow and peak time) to basin characteristics. In this study, Snyder's method (Snyder, 1938 ) is applied to develop a synthetic unit hydrograph for seven sub-watersheds. Snyder (1938) provided a method of developing a synthetic unit hydrograph that is widely used. This method is most appropriate for large watersheds. Formation of unit hydrograph depends on the following equations:
The time base of the unit hydrograph is a fraction of time lag:
where T L ¼ lag time (hr), C t ¼ empirical coefficient of the lag factor, L ¼ length along main channel from outlet to divide (km) (miles), L ca ¼ length along main channel from outlet to a point opposite the watershed centroid (km) (miles), T d ¼ duration of rain excess (hr), T LA ¼ alternative unit hydrograph duration (hr), T b ¼ time base of the unit hydrograph (day), q p ¼ peak flow discharge (ft 3 s À1 ), C p ¼ the peak flow factor (0.5-0.70), A ¼ drainage area (square miles).
Results and discussion
Data showed a variation in the elevation of the study area; the highest point has an elevation of 1,226 m above mean sea level, while the lowest point has an elevation of 541 m as shown in Figure 3 .
To determine the flow direction, a running iterative process of the cell was conducted. In each iteration process, cells were assigned to flow to a neighbour if the neighbour has a defined flow direction that does not point back to the tested cell. In this way, flow direction assignments iteratively grow into the flat area (cell is located on a flat surface) from the flat outflow points until all cells have been assigned flow directions. The flow direction dataset is defined based on the D8 model using the software. Stream flow would flow in the eight directions as we see in the legend to Figure 4 . Any watershed links to other watersheds at a pour point ( Jenson & Domingue, 1988) . The pour point is a location used to determine the contributing watershed. The point has the lowest elevation value on the common boundary between two watersheds. Usually these locations are mouths of streams, gauging stations, and so on, which can be specified by using hydrologic analysis functions. Stream networks can also be used as pour points. This will create watersheds for each stream segment between stream junctions. Creating stream networks requires flow accumulation for each cell location. Seven sites were identified for output points of watersheds, based on the flow accumulation dataset and the classification of streams in that dataset. Figure 6 shows the suggested possible points for outlets for the seven watersheds. Each point was placed on a specific site in the flow accumulation dataset. Selecting the sites was conducted arbitrarily with no particular criteria, just placing points on the stream. The exact points' sites on the accumulation datasets are shown in Figure 7 . These points are known to have lower elevation values than the neighbouring ones. The stream flows to the steepest cell. By placing a point on the stream, a suitable reservoir, earthen dams, or installing tanks were shown. These structures can collect water from points and cells before that point. Figure 7 shows that streams flow from the whole area to the red circle on the map. At this point we suggest one site for an earthen dam or reservoir. But, for hydrological applications, it is necessary to divide a large watershed to sub-watersheds. The watershed boundary is defined by finding all cells for which there is a path to the watershed outlet, starting at the cell which includes the watershed outlet and following the flow in the opposite direction (Turcotte et al., 2001) . The drainage area upstream of any cell was computed by counting the cells that flow through this particular cell.
A watershed is the upslope area contributing flow to a given location. A sub-watershed is simply part of a hierarchy, implying that a given watershed is part of a larger watershed. Watersheds in the study area were delineated using a DEM by computing the flow direction and using it in the watershed function. The watershed function uses a raster of flow direction to determine the contributing area. The flow accumulation threshold or the pour points were used to delineate the watersheds. When the threshold was used to define a watershed, the pour points for the watershed were the junctions of a stream network derived from flow accumulation. The flow accumulation raster was specified as well as the minimum number of cells that constitute a stream (the threshold value). Figure 8 shows the seven delineated watersheds in the study area. Figure 9 shows the streams in the watersheds. The length of the main channel was determined by drawing a measured poly line on the longest path. Streams in watershed number 2, along with the longest main channel, were demonstrated in light blue (Figure 10 ). Figure 11 illustrates main channel where water flows from the beginning of the watershed to the outlet in all the watersheds studied.
From the variations of the elevation values and computed slopes, the largest watershed outlet is the steepest point in the study area, 639 m above sea level. This output point (the red point in Figure 7 ) is located in watershed number 4 in Figure 11 .
Slope and length of the main channel were computed in each watershed. The peak discharge of the harvested water volume was also determined (Table 2) . Figures 12 and 13 exhibit developed synthetic unit hydrographs for each watershed and the superposition on the unit hydrographs of five sub-watersheds.
Seven sub-watersheds were identified and characterized using the ArcMap 9.3 software. We have used the grid-based DEM for the north-eastern desert of Jordan to identify feasible sites for rainwater harvesting and storage in these sub-watersheds. In spite of a lower precipitation rate on the north-eastern region compared to other parts of the country, the total potential volume that can be collected from the whole Badia region would enhance water availability. Filling depressions was performed to overcome any obstacles in the water path, by increasing the elevation value of the sink cell to the minimum elevation value of the neighbours' cells. Flow direction is then identified based on the D8 approach. The identification of the flow accumulation dataset showed that stream flow accumulates in the north-west direction of the Badia: the steeper direction.
Based on the flow accumulation dataset, seven sub-watersheds were delineated. Area, slope and main channel length for each sub-watershed were computed to be used in the extraction and development of synthetic unit hydrographs and other hydrological parameters. Based on the unit hydrograph technique, it was found that the volume of water that could be captured each year in that desert is around 155 MCM (million cubic metres). The peak discharge for each catchment was computed based on 1 cm effective rainfall. The results are revealed in Table 2 .
Despite the overexploitation of water resources, Jordan has still faced water shortages problems during the past few years in all sectors, especially in the summer season. The water policy implications of the proposed methodology are additional resources that can be developed in Jordan. The Badia desert region in the east is an extension of the Arabian Desert. The rainfall is dispersed over a wide area and if properly collected, could provide an important addition to the water reserves of the country.
Conclusion
A grid-based DEM for the studied area was utilized to evaluate the possibility of enhancing water resources and augmenting water supplies in watershed systems using rainwater harvesting techniques. Seven sub-watersheds in the study area were identified and delineated based on the methodology mentioned above. Rainwater that can be collected from these watersheds is significant considering the total water resources of the country. Seven locations for proposed dams were identified for rainwater harvesting. Based on a unit hydrograph technique, possible volume capacities to store water in these dams are computed. Harvested water can be used in recharging aquifers, for domestic use and for irrigation purposes. This study can be applied to many parts of Jordan to assess and predict the volume of storage water. Given the increasing demand for clean water, a distributed water harvesting strategy could be successful in many watersheds in the country. The computed harvested water, if properly collected, could provide a substantial addition to the water reserves of the country as well as reduce soil erosion by decreasing surface runoff that will protect the natural resources and their sustainable usage. This methodology can be used as a tool for water policy planning in countries that suffer from shortage of water and where the demand for water will remain higher than the supply. Water scarcity and drought in arid and semi-arid areas is threatening livelihoods and food security. In these areas, the only available water may be surface runoff during the rainy seasons, or shallow groundwater. The countries of the Middle East are an example of these countries and face many challenges related to water availability. Jordan suffers from drought even in wet years. The GIS-based analyses can be used to inform policy makers where their efforts should be concentrated in terms of increasing water supply. The availability of water resources makes it easier to implement a proper water policy.
